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Abstract 
    The magnetic bearing works on the principle of magnetic levitation. Integration of the geometric and control designs is the 
current trend in mechatronic products. Conventionally, in control of rotors in the vertical direction, it must be supported at two 
places by radial magnetic bearings. A thrust magnetic bearing is also provided to prevent axial movement of the shaft. In the 
present work, control design methodology of four pole pair active magnetic bearings has been proposed. This work is dealing 
with the modeling, investigations and controlling of radial magnetic bearing system. Considerations based on the four pole pair’s 
model with switched mode power supply. Investigations of radial forces in two axes model and performance response are carried 
out through the PID controller system. The response is presented for standstill and dynamic conditions using the implemented 
Simulink software. Simulation results showed that rotor is in standstill position with constant air gap of 1mm. This validates 
bearing design dimensions and system parameters designed for control of four pole pair radial magnetic bearing considering 
1mm air gap length. 
© 2016 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
The first application of magnetic levitation using active control of current in electromagnet was proposed by 
Kemper in 1934. Later in 1960’s the principle of levitation was attempted to support a rotating shaft. Tadashi Sato, 
Yarimoto Tanno [1] described combined PID discontinuous controllers that reduce the electrical power loss in 
magnetic bearing. Sriram Srinivasan, Young Man Cho [2] carried out modelling and system identification of active 
magnetic bearing. Mukhopadhyay, Ohji, et al.[3] worked on the development of a new repulsive type magnetic 
bearing system whose radial bearing section makes good utilization of the repulsive forces between stator and rotor 
permanent magnets resulting a simplified axial control scheme. Matti Antila, Erkki Lantto and Antero Arkkio[4]  
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uses a nonlinear two-dimensional (2-D) finite element method (FEM) to predict the performance of radial magnetic 
bearings.The force calculations based on the finite element method are verified by measurements with two machines 
equipped with active magnetic bearings. Isaias da Silva and Oswaldo Horikawa[5] presents the  principle, the 
dynamic model of new type  magnetic bearing with active control only for axial motion and the control system for 
this bearing are presented. Kim and Kim [6] developed a centrifugal blood pump with a magnetically suspended 
impeller to reduce the haemolysis level for long-term use. The main advance made was simplifying the traditional 5-
axes controlled magnetic bearing system, since the total device should ultimately be small enough to implant into a 
human body. 
Norbert Skricka and Richard Markert [7] presented two aspects of the integration of electromagnetic bearings. 
The non-linearity of the magnetic force is compensated by software integrated in the digital controller. In self-
sensing bearings the rotor position is identified from the electric state variables directly at the power amplifiers. 
Polajzer, Ritonja, Stumberger, et al.[8] discusses a closed-loop decentralized control for active magnetic 
bearings(AMB). A cascade connection of PI and PD position controllers is proposed. Jiang, Wu, Lu and Li[9] 
developed a new method and find a mathematical model that aims to research the controllability of AMB. The 
stiffness and damping of AMB, which changes randomly along with the rotor running, are determined by the 
controller system. Hung-Cheng Chen, Sheng-Hsiung Chang [10] suggested a fine-tuning technology for optimal 
design of a PID controller of an AMB based on genetic algorithms. Peijnenburg, Vermeulen and Eijk[11]  describes 
the development of a full 6-DoF active positioning system with nm-level motion performance in one single (long 
stroke) stage, using active magnetic bearing systems. Naseer Hamoody and Adil Ahmad[12] presents a  work is 
dealing with the modelling, investigations, and controlling, of a prototype of eight pole radial magnetic bearing 
system. The response is presented for standstill and dynamic conditions using the implemented Simulink software. 
Rao and Tiwari [13] studied two different bearing geometries with different operating parameters and optimal 
design methodology of double-acting hybrid active magnetic thrust bearings has been proposed. Double-acting 
actuators and controller are optimized as a unified system. Santosh shelke[14] has presented study of theoretical 
design of varying pole pair radial magnetic bearing(RMB) considering 0.5mm air gap length and optimum losses are 
found in four pole pair RMB using genetic algorithm. 
The review of the past literature ravealed that considerable amount of work is still required to study the control 
aspects of four pole pair radial magnetic bearing. Hence, in this work it is attempted to look for modelling, 
formulation and system response which are shown in section (2, 3). Further an analysis of four pole pair radial 
magnetic bearing was performed considering PID controller, simulink results and conclusions are detailed in 
sections (4, 5). 
The basic layout of a magnetic bearing system is shown in Figure1. Stationary electromagnets are positioned 
around the rotating assembly of a machine. 
 
 
                                                                Fig 1. Working principle of the Radial Magnetic Bearing  
 
Typically, two radial magnetic bearings are used to support and position the shaft in the lateral (radial) directions 
and one thrust bearing is used to support and position the shaft along the longitudinal (axial) direction. When the 
magnetic bearing is operating, each magnetic bearing rotor is ideally centred in the corresponding stator so that 
contact does not occur. The position of the shaft is controlled using a closed-loop feedback system. The position 
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sensors detect the local displacements from the shaft, and these signals are sent to a digital controller. The controller 
processes these signals and calculates to re-distribute the currents in the electromagnets to restore the shaft to its 
centred position. Power amplifiers in the controller then re-adjust the currents in the electromagnets according to 
these calculations. This cycle like other kinds of bearings, the magnetic bearing provides stiffness and damping. 
However, unlike other bearings, the stiffness and damping vary as a function of disturbance frequency. It is often 
convenient to describe the bearing as a transfer function with an amplitude and phase that vary with frequency. The 
optimization of this transfer function is a critical step in ensuring that the force rejection capability over a range of 
frequencies. The stiffness and damping can be optimized by simply changing the control algorithm.  
2. Modeling and formulation of RMB 
                                               
                                                              Fig. 2. Coil geometry of  four pole pair (eight poles) Radial Magnetic Bearing  
 
In technical applications, usually two counteracting magnets (differential windings) are operated in a magnetic 
bearing, as shown in Figure 2. So, for positioning the rotor in one axis, a second magnet identical to first one, but 
exerting pulling force in opposite direction is used. To make the shaft rotor assembly in perfectly aligned position, 
the bias magnetic fields have to counter the effect of weight of shaft and rotor. So, I1 should greater than I2. 
Let, x is small change in displacement of shaft rotor assembly in negative Y-direction owing to small perturbation in 
system. As a matter of convenience, introducing bias linearization,  
Let, I1, I2 are total required current in right and left side electromagnetic coil respectively.  
1 b cxI I i                                                                                                                                                                  (1) 
2 b cxI I i                                                                                                                                                                  (2) 
Similarly, I3, I4 are total required current in upper and lower electromagnetic coil respectively. 
3 b cyI I i                                                                                                                                                                  (3) 
4 b cyI I i                                                                                                                                                                (4) 
where, Ib (or I0 ) is bias current (constant) that must be supplied to coil.icx is the control current required to move the 
shaft in horizontal direction and icy is the control current required to move the shaft in vertical direction. Here 
initially static component of current (constant) is applied to the two coils.  
Now to bring the rotor to standstill position, control current in one coil is increased and simultaneously reduces 
the same current from the other coil so that the shaft will move to the required position. The position of an object to 
be levitated is measured by a sensor. The sensor signal is conveyed to an analogue or digital controller, computing 
the necessary coil current. This computed control signal is transformed into a control current by a Power Amplifier. 
Finally this control current drives the electromagnet, which generates magnetic forces required for stabilising the 
rotor position. 
I2 = I0  icx 
I1 = I0 + icx 
I3 = I0 + icy 
I4 = I0  icy 
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  Table 1. Designed dimensions of four pole pair RMB[19] 
_____________________________________________________________________________________________ 
 
2.1 Motion Equation 
Main aim is to nullify the effect of any external disturbance on system. So, closed loop system must be there in 
this case. Hence assuming control strategy where current in upper coil is increased and current in other coil is 
decreased by same amount say i, the total electromagnetic force is   
 
 
 
 
2 22 2
0 1 0 1
2 2
4 4
g g
g g
N I i A N I i Af mg
l x l x
P Pª º ª º « » « »  « » « » « » « »¬ ¼ ¬ ¼                                                                                              
(5) 
 
f=A –B –mg  (say)                                                                                                                                                         (6) 
Where, 
A- B = mg 
In this way current in electromagnetic coil towards which shaft is moving under in any external disturbance should 
be decreased while it should be increased in other electromagnetic coil and vice versa.  
It can be seen that this is the case of two independent variables, i, x from equation (5). So, linearising the change in 
force ∆f for small displacement ∆x and small value of control current ∆i , using tailors series, 
   f f x x f i i w w  w wV V V
                                                                                                                               
(7) 
After partial differentiation, the force f with x and i may be written as 
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Linearising at equilibrium position,  
x if k x k i  V V V                                                                                                                                                  (9) 
 
where, open loop stiffness is, 
2 2 2 3
0 1 2( ) / 2( )x g gk N I I A lP     N/m                                                                                                                                    (10) 
Actuator gain is, 
2 2
0 1 2( ) / 2( )i g gk N I I A lP     N/A                                                                                                                                        (11) 
 
parameters symbol Dimensions parameters symbol Dimensions 
Rotor initial displacement, mm  x  0.25 C/s area of coil, cm2 cA  1.48 
Airgap,mm gl  1 Pole length in radial direction, cm pL  22 
Gap area, cm2 gA  9.46 Stator outer radious,cm sr  27 
Width of pole, cm pw  0.81 Overall diameter of stator, cm sd  54 
Length of pole,cm pl  11.6 Number of coil turns N 30 
Diameter of Journal,cm jd  7.62 Amplifier capacity maxVI  2.4 
Bias ratio E  0.46 Voltage supplied V 80 V 
Thickness of coil, cm ct  0.43 Peak current maxI  30 A 
Length of coil, cm cl  22 Bias current Ib  5.96A 
Stator inner radius,cm cr  26 Control current yi  4.2 A 
110   Santosh Shelke /  Procedia Technology  23 ( 2016 )  106 – 113 
2 2 3 2 2 3 2 2 2 2
0 1 0 2 0 1 0 2{ / 2 } { / 2 } { / 2 } { / 2 }g g g g g g g gf N I A l N I A l x N I A l N I A l iP P P Pª º ª º    ¬ ¼ ¬ ¼V V                                           (12) 
These equations are valid for lg > X 
 
2.2 Mechanics related to rotor system 
  
 Now body dynamic equation can be written as   2 2 2 0x dt fm d   V V                                                                                                                                     (13) 
Above equation is valid for rigid shaft only. Assuming for simply supported type electromagnetic bearing 
arrangement is used to support shaft rotor, so 2∆f is used. From equation (9) and (12), System dynamic equation can 
be written as  2 2 x iM d x dt k x k i  V V V                                                                                                                              (14) 
where M = m/2, m- Mass of rotor. 
Taking Laplace transformation on both sides         2 x is s sM S X k X k I  V V V                                                                                                                      (15) 
2.3 Control equation 
  
Transfer function of system is  
      2s s i xkX SI k M V V                                                                                                                            (16) 
If V  is voltage applied to coil of electromagnet,  L and R  are inductance and resistance of coil then dynamics of 
electromagnetic coil can be written as, 
 
 /L d i dt R i V  V V V
                                                                                                                                     
(17) 
Taking Laplace on both sides, 
        s s sL S I R I V  V V V                                                                                                                                 (18) 
Here transfer function can be obtained as  
 
∆I(s) / ∆V(s) = 1/ (LS +R)                                                                                                                                        (19) 
Thus open loop transfer function of complete electromagnetic bearing system is 
              [ ][ ]s s s s s s sG X V X I I V  V V V V V V                                                                                    (20) 
  2[ / ] [ ( / )][ ( / )]i xsG k ML S k M S R L    
      3 2( / ) { ( / ) ( / ) / }i x xsG k ML S R L S k M S Rk ML                                                                                                (21) 
                                                           Table 2. System parameters for controlling 
Parameters Symbol Values Unit 
Open loop stiffness Kx 179102 N/m 
Actuator gain Ki 101 N/A 
Mass of rotor bearing 
assembly(m/2) 
M 30.5 Kg 
Inductance of coil L 0.85 H 
Resistance of coil R 23 Ω 
Transfer function is reduced to 
   3 2(3.89) { (270) (5872.19) 158894.7 }sG S S S                                                                                           (22)    
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3. System response 
The rise time is quite fast, about 0.5 second, but the overshoot is 3% and the steady-state is about 0.2 sec as shown 
in Figure 3.Figure 4 shows the rise time is quite about 10 second, but the overshoot is 3% and the steady-state is 
about peak amplitude 0.23mm. 
 
         
                       Fig.3. System impulse response                                                                Fig.4. Step response of Magnetic bearing   
      
        
                        Fig. 5.  Root locus editor for open loop                                                      Fig.  6.  Open loop bode plot for system 
  
Poles and zeros of the system contain valuable information about its dynamics, stability and limit of performance. 
As shown in Figure 5, clicking on the points where the locus intersects Y-axis reveals that this feedback is stable for 
0<K<2.7. This range shows that for K=1, the loop gain can increase 270% before lose of stability. 
Now, controller function is given by, 
    1 2sC K s c s c sª º  ¬ ¼                                                                                                                                      (23) 
Referring Figure 5, 1 2 10.1c c t   
   
Hence, select  C1= -5; C2= - 6 
 
20.5 5.5 15
s
s sC
s
ª º  « »« »¬ ¼
 ;  
15
0.5 5.5
s
C s
s
ª º  « »¬ ¼                                                                                                 (24) 
  * id ps
KC K s K
s
ª º  « »¬ ¼                                                                                                                                         (25) 
For PID controller, Integral gain, Ki =15; Propositional gain Kp= 5.5; Derivative gain, Kd = 0.5.The phase angle is-
80° at  f=5 rad/sec where the gain is -15dB as shown in Figure 6.Thus,  80/310 4.64k     for 3% overshoot.  
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Fig. 7. Nyquist plot for frequency (rad/s) versus amplitude (mm) 
 
  Figure 7 shows that amplitude on imaginary axis and phase angle on single plot using frequency as a real axis 
parameter in the Nyquist plot. Here resonant causes the magnitude of response to be larger than DC gains. In the 
plot DC gain is 1 and referring real axis plot start from 1. As the frequency increases magnitude get larger as the 
angle becomes negative. In second quadrant, plot start from 1 and in anticlockwise direction magnitude 0.9 when the 
phase reaches -90°. Nyquist plot is for inertance type because magnetic bearing system is frictionless because there 
is no resistance to rotor motion.   
 
4. Analysis of magnetic bearing using PID controller 
The PID controllers are the most widely used for the feedback control of MB because of simplicity, easy 
realization, and robustness. The transfer function of the final system model is assembled simply by connecting the 
output of the sensor model to the input of the PID controller model and the output of the controller to the input of 
the power amplifier and then to the actuator model using standard state space formulation. The PID controller based 
simulink window command can be implemented to investigate the MB radial forces in two axes (x, y) and then 
identifies the stand still and dynamic responses of this system as shown in Figure 8. The displacement variations are 
caused by a mechanical unbalance and also by eccentric misalignment of a sensor target with a magnetic bearing 
rotor.  
From equation (16)  transfer function of the system may be  written as 
 
  2(3.27) { 5872.1}sG S                                                                                                                                  (26) 
3.27
s  +5872.12
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                                                 Fig. 8 Modeling of Radial Magnetic Bearing 
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                                                 Fig. 9.  Rotor displacement versus time plot using PID 
5. Conclusion 
    Controller can be designed according to requirement that the overshoot should be less or rising time or settling time 
should be less for given input disturbance signal. Here it is designed for settling time less than or equal to 0.5 sec 
when impulsive input disturbance signal is given. So, PD compensator may be used. From system impulse response, 
it is observed that rise time is quite fast, about 0.5 second, but the overshoot is 3% and the steady-state is about 0.2.To 
avoid steady state error in the system we need to bring rotor to come back to initial position, hence PI compensator is 
required. Therefore PID controller is used. Simulation results showed that rotor is in standstill position with constant 
air gap of 1mm as shown in Figure 9. This validates bearing design dimensions and system parameters designed for 
control of four pole pair radial magnetic bearing considering 1mm air gap length.    
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